Aquaporins (AQPs) are a family of ubiquitous membrane channels that conduct water and solutes across membranes. This review focuses on AQP0 and AQP4, which in addition to forming water channels also appear to play a role in cell adhesion. We discuss the recently determined structures of the membrane junctions mediated by these two AQPs, the mechanisms that regulate junction formation, and evidence that supports a role for AQP0 and AQP4 in cell adhesion. DOI 10.1016DOI 10. /j.sbi.2007 Structure and function of aquaporins (AQPs)
Members of the aquaporin (AQP) family have traditionally been divided into two classes, the AQPs, pure water channels that only conduct water, and the aquaglyceroporins, channels that also conduct small, uncharged solutes, most notably glycerol. In addition, AQPs also conduct a variety of other molecules, including larger solutes (AQP9 [1] ), anions (AQP6 [2] ), arsenite (AQP7 and AQP9 [3] ), and presumably gases such as ammonia and carbon dioxide (e.g. AQP1, reviewed in [4] ). In plants, AQPs that conduct hydrogen peroxide, boron, and silicon have also been described (reviewed in [5] ). Although differing greatly in their channel specificities, all AQPs are strictly impermeable to protons thus protecting the transmembrane proton gradient. The first AQP structures determined were those of human aquaporin AQP1 [6] and the Escherichia coli aquaglyceroporin GlpF [7] . These and subsequent structural studies (reviewed in [8] ) together with molecular dynamic simulations (reviewed in [9] ) provided much insight into the structural basis for channel specificity and the proton exclusion mechanism of AQPs. AQP0 and AQP4 are different from other AQPs in that they not only form water channels but also appear to have another, very different function, namely a role in cell adhesion.
Aquaporin-0
Originally named MIP for major intrinsic polypeptide, AQP0 is the most abundant membrane protein in lens fiber cells [10] . It is present in single membranes but is particularly enriched in the 11-13-nm thin junctions, which feature orthogonal arrays [11] . Initially, much interest was focused on the role of AQP0 in membrane junctions, and reconstitution of purified AQP0 into liposomes showed that it caused the vesicles to cluster [12] . Once AQP1 was shown to be a water channel [13] , functional studies on AQP0 shifted toward its channel characteristics (e.g. [14, 15] ). Still, interest in the adhesive properties of AQP0 re-emerged when two-dimensional (2D) crystallization experiments resulted in singlelayered as well as double-layered crystals, which were analyzed by electron crystallography and atomic force microscopy (AFM) [16, 17] .
Several lines of evidence suggest that it is proteolytic cleavage that induces AQP0 to form junctions. In young fiber cells of the lens cortex, AQP0 exists as a full-length protein of 26 kDa. As fiber cells grow older and become buried deeper in the lens core, some of the AQP0 is proteolytically cleaved in an age-dependent manner (e.g. [18] ). Early experiments showed that mild trypsin digestion of isolated lens membranes increases the number of AQP0 arrays [19] . However, as thin junctions are more abundant in the lens core [11] , where the proportion of cleaved AQP0 is higher, protein cleavage also appeared a likely cause for junction formation. This hypothesis was experimentally tested by in vitro proteolysis of purified protein as well as AQP0 2D arrays [20 ] . When detergentsolubilized, full-length AQP0 (26 kDa) was treated with chymotrypsin, the resulting 22-kDa fragment eluted at a higher molecular weight from a sizing column than fulllength AQP0, suggesting that cleaved AQP0 tetramers form pairs. Furthermore, while electron micrographs of proteoliposomes containing full-length AQP0 isolated from the lens cortex showed individual, evenly dispersed vesicles (Figure 1a) , exposure of these vesicles to chymotrypsin resulted in substantial clustering of the vesicles (Figure 1b ). Proteoliposomes containing a mixture of both full-length and truncated AQP0 isolated from the lens core also clustered (Figure 1c) . Finally, 2D crystallization of full-length AQP0 isolated from the lens cortex yielded single-layered sheets (Figure 1d ), whereas the mixture of full-length and truncated AQP0 isolated from the lens core produced double-layered sheets (Figure 1e ). All these results thus support the notion that proteolytic cleavage increases the propensity of AQP0 to form junctions.
The double-layered 2D crystals made it possible to determine the structure of junctional AQP0 by electron crystallography, first at 3-Å resolution [21] and then at 1.9-Å resolution [22 ] (Figure 2 ). The lattice parameters of a = b = 65.5 Å and the thickness of about 11 nm of the double-layered AQP0 2D crystals are essentially the same as the dimensions of thin junctions between lens fiber cells [23] , indicating that the crystals are a close representation of the in vivo junctions. The density map resolved only three water molecules in the water pathway that were also too far apart to form hydrogen bonds and thus suggested that the channel was in a closed conformation. Junction formation is the likely cause for channel closure because proteolytic cleavage does not affect the water permeability of AQP0 [24] . The formation of membrane junctions thus appears to convert AQP0 from a water pore to a pure adhesion molecule. The use of the same protein for different purposes is not uncommon in the lens and is known as gene sharing [25] . The density map also revealed nine lipid molecules per AQP0 monomer, illustrating one of the advantages of 2D crystals for structure determination of membrane proteins (reviewed in [26] ). The structure of full-length AQP0 was independently determined to 2.2-Å resolution by X-ray crystallography, revealing the structure of nonjunctional AQP0 in the open conformation [27 ] . The availability of atomic models for junctional, closed AQP0 in a lipid bilayer and nonjunctional, open AQP0 in a detergent micelle provided a wealth of information. For example, pore closure could be assigned mainly to a conformational change in the side chain of pore-lining residue Met176, which upon junction formation obstructs the water pore [22 ] . The two structures also provided insight into the effects of lipids and detergents on the protein structure [28] .
Unlike most other AQPs, AQP0 is not glycosylated and features a shortened extracellular loop A between the first two membrane-spanning a-helices [21,22 ,27 ] . These adaptations allow tetramers from adjoining membranes to make direct contacts through corresponding extracellular loops A and C. The contacts formed by residues in loop C, involve a Pro-Pro motif (Pro109 and Pro110), which is part of a one-turn helix (helix HC), and residues Arg113 and Pro123 (Figure 2c) . Although loop C is in a virtually identical conformation in junctional and nonjunctional AQP0, cleavage of the cytoplasmic tails seems to correlate with a rearrangement in loop A [22 ] . In the loop conformation of nonjunctional AQP0, Pro38 is at some distance from the center of the tetramer (Figure 3a) . In addition, Trp34 lies above the pore and projects outward, blocking the approach of a second tetramer, and Arg33 is positioned in between two monomers. In the junctional AQP0 tetramer, loop A has reconfigured, positioning Pro38 so that it can form a rosette-like structure at the center of the tetramer (Figure 3c ) and mediate a major junctional contact (Figure 3d ). The side chains of Arg33 and Trp34 also swap positions, so that Trp34 no longer interferes with the close approach of another tetramer. In the completed junction, all three residues interact with the corresponding residues from the opposing tetramer (Figure 3d) . AFM was used to image the extracellular surface of junctional AQP0 arrays [30 ] . Membranes were isolated from the lens core and the AFM tip was used to remove the top layer from junctional membrane patches, which made it possible to image the extracellular surface of AQP0 arrays. The averaged surface topograph was more consistent with the conformation of loop A seen in the double-layered 2D crystals than in the 3D crystals, lending support to the notion that the conformation of loop A is the cause for junction formation rather than being induced by the interaction between tetramers in adjoining membranes, which were removed by the AFM tip before imaging. Loosely packed 3D crystals of fulllength AQP0 also revealed paired tetramers [29 ] . In these 3D crystals, the interacting tetramers were not exactly aligned as in the double-layered 2D crystals but rotated with respect to each other by 248, resulting in different interactions between the tetramers (Figure 3b ). These interactions can only form between isolated AQP0 tetramers but not between tetramers that are part of orthogonal arrays in adjoining membranes.
Aquaporin-4
AQP4, the predominant water pore in brain [31, 32] , is expressed in glial cells. It forms orthogonal arrays in vivo, which are particularly prominent in glial end feet surrounding vascular capillaries [33] . AQP4 is also expressed Figure 3 Two different conformations of AQP0's extracellular loop A and the resulting interactions in paired tetramers. (a) Conformation of loop A in the 2.2-Å X-ray structure of full-length AQP0 (pdb accession code: 1YMG) [27 ] . Pro38 points away from the center of the tetramer, Trp34 lies above the pore and projects outward, blocking the approach of a second tetramer, and Arg33 is positioned in between two monomers. (b) The conformation of loop A in the paired tetramers seen in loosely packed 3D crystals of full-length AQP0 is the same as in (a), because the 2.2-Å X-ray structure of full-length AQP0 was used to obtain this low-resolution molecular replacement solution, but the two tetramers are rotated with respect to each other by 248 (pdb accession code: 2C32) [29 ] . (c) Conformation of loop A in the double-layered 2D crystals (pdb accession code: 2B6O) [22 ] . Pro38 forms a rosette-like structure at the center of the tetramer, and the side chains of Arg33 and Trp34 have swapped positions (compare with panel a). (d) In the completed junction, residues Pro38, Arg33, and Trp34 interact with the corresponding residues from the opposing tetramer.
in glial lamellae of the hypothalamus [34] , where it may play a role in osmo-sensing, thermo-sensing, and glucosesensing [32, 35] . AQP4 exists in two splicing isoforms, one starting with Met1 (AQP4M1) and the other with Met23 (AQP4M23) [36, 37] . It is predominantly, or possibly only, the shorter splicing variant AQP4M23 that assembles into orthogonal arrays, whereas the longer splicing variant AQP4M1 has little propensity to form arrays [38] .
2D crystals obtained with recombinant AQP4M23 were double-layered but the distance and relative orientation of the two membranes in the double-layered 2D crystals varied slightly, complicating the electron crystallographic structure determination [39 ] . The structure at 3.2-Å resolution revealed that AQP4 tetramers in the two membranes interact with each other through their extracellular surfaces (Figure 4a ). Rather than being exactly stacked, as in the case of AQP0 (Figure 2a,b) , the AQP4 tetramers are shifted so that a tetramer in one membrane is at the center of four tetramers in the adjoining membrane (Figure 4a,b) . AQP4 features a short 3 10 helix in extracellular loop C, helix HC, which contains the two residues, Pro139 and Val142, that mediate the interactions between opposing tetramers (Figure 4c ). An isolated pair of interacting tetramers is unlikely to mediate significant adhesion because an AQP4 monomer in one membrane makes contact with only one subunit in a tetramer in the opposing membrane. In the 2D crystals each AQP4 tetramer interacts, however, with four tetramers in the adjoining membrane, so that an orthogonal array would significantly enhance AQP4-mediated adhesion. The variations in the relative positions of the two layers in the crystals suggest, however, that even crystalline AQP4 arrays promote only weak adhesion. Unlike AQP0, AQP4 had not previously been implicated in cell adhesion, and the interactions between AQP4 tetramers in adjoining membranes are apparently weak. It was therefore of interest to understand whether the doublelayered 2D crystals were just a result of the in vitro 2D crystallization of AQP4 or whether AQP4 could also form junctions in vivo, which would therefore be physiologically significant. When AQP4 was expressed in L-cells, a fibroblast cell line that does not express endogenous cell adhesion molecules, the cells showed some clustering, which was not observed when AQP1 was expressed [39 ] . Second, thin sections through the hypothalamus revealed large membrane junctions between glial lamellae with short stretches of separated membranes. Although initial immunolabeling studies localized AQP4 to the separated membranes [34] , subsequent studies also showed AQP4 in the junctional regions [39 ] . These Junction-forming aquaporins Engel et al. 233
Figure 4
Double-layered 2D crystals formed by AQP4 (pdb accession code: 2D57) [39 ] . results thus supported a possible role of AQP4 in junction formation in vivo. The physiological role of AQP4 junctions is still speculative, but they may be involved in osmoregulation [39 ] . In the double-layered 2D crystals, the AQP4 molecules show a tight tongue-into-groove packing, which results in a partial blockage of the extracellular pore entrances. Formation of AQP4 junctions in vivo would thus potentially lead to a reduced water permeability of glial cell plasma membranes. Conversely, rapid water flow through the channels could drive the interacting membranes apart and thus resolve the junctions. As a result of the characteristics of AQP4, glial cells expressing a high ratio of AQP4M1 would produce small AQP4 arrays providing weak adhesion between membranes, which would easily separate and be sensitive to small water flows resulting from small osmotic differences. Vice versa, glial cells expressing a high ratio of AQP4M23 would produce large AQP4 arrays providing stronger adhesion between membranes that would withstand larger water flows associated with larger osmotic differences.
Conclusions
Despite differences in the specifics, there are striking parallels between AQP0 and AQP4, which may be characteristic of junction-forming AQPs (Table 1) . Both proteins exist in a long and a short form, which result from proteolytic cleavage in the case of AQP0 and expression of two splicing variants in the case of AQP4. Both AQPs assemble into orthogonal arrays in native membranes, whereby the shorter protein species, especially in the case of AQP4, have a higher propensity to assemble into square arrays. Both proteins have been localized to membrane junctions that are most probably formed by the interaction of orthogonal arrays in the adjoining membranes. In the case of AQP0, junction formation appears to close the water channel, while in the case of AQP4 the water flow may regulate the adhesion. The consolidation of water permeation and cell adhesion in single membrane proteins, such as in AQP0 and AQP4, is intriguing. Therefore, the term 'adhennel' has been coined for membrane proteins that function both as a cell adhesion molecule and a membrane channel [39 ] . Future experiments may identify further AQPs as adhennels. One possibility would be SoPIP2;1, which also forms double-layered 2D crystals upon reconstitution [40] . Table 1 Similarities between the junction-forming water channels AQP0 and AQP4
AQP0 AQP4
AQP0 is expressed as full-length protein, while shorter species are formed by age-dependent proteolysis (e.g. [18] )
AQP4 is expressed as a long splicing variant, AQP4M1, and a short splicing variant, AQP4M23 [36] Cleavage does not affect water permeability characteristics of AQP0 [24] AQP4M1 and AQP4M23 have presumably the same water permeability characteristics (not yet experimentally determined) AQP0 forms orthogonal arrays in vivo (e.g. [11] ) AQP4 forms orthogonal arrays in vivo [33] Proteolytic cleavage increases the propensity of AQP0 to form orthogonal arrays [19] Mainly (or possibly only) the shorter splicing variant of AQP4 forms orthogonal arrays [38] 
